neurosurgical focus
ed. Secondary changes in joints and ligaments may further confound the clinical picture.
In terms of electrodiagnostic studies, nerve conduction studies provide a means to quantify the extent of nerve injury, although these are insensitive to smaller increments of nerve regeneration or deterioration. Electromyography (EMG) is more sensitive than clinical examination to detect mild muscle denervation 10 and early muscle re-innervation. Electromyography may also provide an indication of the time course of the nerve injury in partial injuries if this is not clear from the history. However, EMG will not detect nerve regeneration before nerve fibers have reached the target muscle, which may necessitate several months of monitoring before a nerve starts to regenerate and reach the target muscle, particularly in more proximal nerve injuries.
Intraoperative electrophysiological studies may provide important information regarding the severity of nerve injury and the likelihood of spontaneous regeneration and help guide treatment choices, in particular for those patients in whom grafting and other reconstructive procedures are needed. 5, 7 However, these studies are necessarily invasive.
Imaging in the setting of Nerve Injury and recovery
Imaging is frequently performed in the setting of nerve injury. Muscle imaging, including MRI and ultrasound, has a role in the work-up of nerve injuries. 12 In particular, muscle imaging identifies changes of denervation edema within days, 3, 15 before the appearance of fibrillations on EMG, and hence may be useful in the hyperacute setting to determine the pattern of muscle denervation. However, it has not yet been elucidated whether the presence of acute muscle edema may distinguish between a severe neuropraxic lesion and one involving axonal injury.
Magnetic resonance neurography, which indicates a series of MRI sequences that include a heavily fat-saturated T2-weighted sequence, 1 may provide information about the location of nerve injury, the anatomical context of the nerve injury, and associated soft-tissue injury. Emerging 3D anatomical sequences, including T2-weighted and STIR SPACE (sampling perfection with applicationoptimized contrasts using varying flip-angle evolutions; Siemens USA), have introduced greater anatomical detail; the 3D-image volume can be rotated and tilted in any orientation while maintaining a high degree of anatomical fidelity. This provides a means for advanced image postprocessing to best profile longer stretches of nerves, which often assume nonorthogonal courses (e.g., brachial plexus). Magnetic resonance neurography can depict T2-signal changes in the nerve, which may also evolve with recovery of nerve injury, although resolution of nerve-signal abnormalities may take many months. 2 However, in severe nerve injuries in continuity, MR neurography is not useful for predicting which nerve lesions will or will not regenerate spontaneously.
Advanced MRI applications, in particular DTI and tractography, may prove valuable in the workup and monitoring of nerve injury. In DTI, a series of diffusionsensitizing gradients from the MRI scanner are applied in numerous (at least 6) noncollinear directions that capture information that fully characterizes a diffusion tensor. The diffusion tensor is a matrix of values that quantifies the amount (eigenvalues l 1 l 2 l 3 ) and principal directions (eigenvectors e 1 e 2 e 3 ) of diffusion in any given voxel in tissue of interest, including a nerve. The magnitude and direction of the largest movement of diffusion are given by l 1 and e 1, respectively.
With these tools, diffusion of water in each voxel can then be modeled and elegantly visualized as a 3D ellipsoid. If there are no barriers to diffusion (e.g., muscle fibers, nerve fascicles), diffusion is assumed to be isotropic, wanders equally in all directions, and the diffusion tensor predicts a perfect 3D sphere (l 1 = l 2 = l 3 ). Intact myelinated nerves and fascicles tend to constrain and direct diffusion strictly along a dominant, principal pathway (anisotropic diffusion), and the tensor predicts a series of successive, elongated cigar-shaped ellipsoids that serve as a proxy for the delicate microstructure of the nerve itself. 4, 9 Additional metrics that can be derived from the diffusion tensor include axial diffusivity (l 1 , along the principal direction) and radial diffusivity (l 2 + l 3 ÷ 2, perpendicular to the nerve). Another common metric is fractional anisotropy (FA), an index of how different the principal directions of diffusion are, which ranges from 0 to 1. High FA along the course of a nerve indicates that it is directing diffusion very strictly in 1 direction along its axis, without gaps or defects. For example, intact and healthy nerves should register as cigar-shaped ellipsoids with high FA. Nerve injury, such as injury to myelin and/or axons, is associated with reduced FA (i.e., less anisotropic water diffusion, more spherical ellipsoids). 16 Fractional anisotropy increases during nerve regeneration.
14 Diffusion tensor (DT) tractography uses methods that draw directionally color-encoded streamlines that visually link dominant directions of diffusion (eigenvectors) across many voxels in a target tissue. In general, many different mathematical propagation algorithms exist for DT tractography. Most of them usually accept certain user-defined FA thresholds, tract-length constraints, turning-angle constraints, and desired regions of interest before calculating the most likely route through the tissue. If highly reliable diffusion data are acquired, the resultant 3D fiber bundle is a proxy for nerve fascicles. 
Clinical Applications
Diffusion tensor imaging outside of the brain often requires adjustment of MRI parameters to optimize the image acquisition, and exams must be tailored to the region of interest. Diffusion weightings ranging between b = 600 sec/mm 2 and b = 1000 sec/mm 2 are commonly used. Several baseline b-zero images (i.e., without diffusion weighting) are acquired and averaged for use in calculating values for the diffusion tensor. The number of diffusion directions applied is typically between 12 and 30, and increasing averages can improve the signal-to-noise ratio. Careful selection of appropriate MR-imaging coils (essentially, antennas that transmit and/or receive the MRI signals) that house an area of interest is vital. Acquisition of desired anatomical structural imaging (T1 weighted, T2 weighted, STIR, T1 weighted postcontrast) in the same plane as the diffusion imaging is useful for subsequent image registration and review.
Example 1: visualizing Nerve regeneration
A 25-year-old man suffered a laceration to his popliteal fossa from a concrete saw (case previously described by Simon et al. 11 ). This injury resulted in foot drop with Medical Research Council (MRC) Grade 0/5 weakness of ankle dorsiflexion and toe extension, and Grade 4/5 weakness of eversion. Electrodiagnostic studies performed 4 months after the injury demonstrated total denervation of muscles supplied by the deep peroneal nerve (tibialis anterior [TA] and extensor hallucis longus), and only partial denervation changes in muscles supplied by the superficial peroneal nerve. Magnetic resonance neurography demonstrated an enlarged and T2-hyperintense peroneal nerve at the site of the laceration, and denervation edema of the TA and extensor digitorum longus. Tractography demonstrated no nerve fibers distal to the site of laceration (Fig. 1) .
Surgical exploration was undertaken 4 months after nerve injury. This identified that the deep branch of the peroneal nerve was severely injured and did not transmit electrical impulses on intraoperative electrophysiological studies. A 7.5-cm segment of fibrosis was resected and the gap interposed with 3 sural nerve grafts.
One month after surgery, clinical and EMG findings were unchanged, but MR tractography identified a few nerve fibers extending into the grafts. Thirteen months after surgery, TA strength was Grade 4+/5 and extensor hallucis longus strength was Grade 3/5. Electromyography demonstrated evidence of re-innervation of these muscles, and MR tractography identified a compact bundle of nerve fibers extending through the grafts.
Example 2.1: Identifying severe Nerve Injury
A 59-year-old, right-handed man suffered a glass laceration to his right medial elbow, which was sutured in the emergency room. Six months after the injury, he was referred for further workup due to persistent right-hand weakness. He was unable to voluntarily contract his left ulnar hand intrinsic muscles, such as the dorsal and palmar interossei muscles. However, he was able to flex his wrist in an ulnar direction, as well as flex the distal interphalangeal joint of the fifth digit at a Grade 4/5 motorstrength level. Sensation was markedly diminished in the fourth and fifth digits of his right hand.
Nerve conduction studies and EMG confirmed a severe but partial right ulnar nerve injury. An ultrasound study at the site of his laceration showed what appeared to be a traumatic neuroma involving the right ulnar nerve, which thinned significantly before enlarging more distally, suggesting interruption of nerve continuity. An MR DTI study confirmed that axons within the right ulnar nerve came to an abrupt end at the proximal portion of the neuroma (Fig. 2) . At surgery, the right ulnar nerve was exposed and found to end in a neuroma.
Electrical stimulation of the nerve proximal and distal to the neuroma did not give rise to any contraction in right ulnar-supplied muscles in either the forearm or hand. Stimulating the right ulnar nerve just proximal to the traumatic neuroma did give rise to a centrally propagating, somatosensory evoked potential response over the contralateral scalp. The 2 findings confirmed the absence of axons distal to the traumatic neuroma, which was also visualized on the preoperative DTI study.
Stimulation of the adjacent median nerve did give rise to contraction in several muscles usually supplied by the ulnar nerve, indicating the presence of a medial-to-ulnar nerve anastomosis (Martin-Gruber) in the forearm, accounting for his ability to flex his wrist in an ulnar direction as well as flex the distal interphalangeal joint of the fifth digit. A 3-cm segment of scarred neuroma tissue was resected, and 2 cadaveric nerve grafts were interposed between the proximal-and distal-cut ends of the ulnar nerve.
Example 2.2: Identifying severe Nerve Injury
A 24-year-old, right-handed man suffered a severe right brachial plexus injury from a motor vehicle accident, resulting in a flail right upper extremity. Emergency surgery was necessary for a vascular repair involving a right subclavian-to-brachial artery bypass with a saphenous vein graft. At the time of this surgery, he was noted to have disruption of multiple nerve elements. A postoperative MRI study visualized complete avulsion of his right C-8 spinal nerve root, partial avulsion of his right C-5 and C-6 spinal nerve roots that appeared to lose continuity more distally at the level of the upper trunk, an injured C-7 spinal nerve root that maintained continuity, and an intact right T-1 spinal nerve root (Fig. 3) . At the time of his second surgery 2 months after the accident, his right C-5 and C-6 spinal nerves were found interrupted at the level of the upper trunk, corresponding to what had been visualized on his preoperative MR DTI study. A 2.5-cm cadaveric nerve graft was interposed between the proximal and distal ends of his disrupted upper trunk. A damaged phrenic nerve branch was also neurotized into the distal upper trunk.
Example 3: localizing Nerve Injury
A 32-year-old, right-handed woman presented with episodic tingling in her left thumb, index, and middle fingers, which was exacerbated by certain postures and activities. She reported a firm protuberance in the left side of her neck, which was sometimes painful. Strength in her left upper extremity was normal. A radiograph (Fig. 4) showed a large cervical rib complex. The distortion of the normal course of these brachial plexus elements was visualized on an MR DTI study.
limitations and Future directions
Diffusion tensor imaging in peripheral nerves presents several unique challenges, the first of which is the scale of the process we hope to investigate, i.e., diffusion within and alongside very tiny structures. Given the very small size of nerves, the age-old MRI-related struggles among voxel size, spatial resolution, and signal-to-noise ratio have become very relevant in DTI. Reducing the field of view, or focusing in closely to study a single nerve, is not possible in MRI due to a phenomenon called aliasing, or wrap, which literally means that the image wraps on top of itself, obscuring details. Diffusion tensor imaging itself is susceptible to a host of other undesirable factors including patient motion, echo planar distortions, and eddy currents induced by rapidly changing gradients. These distortions introduce noise and spurious effects that impact the sensitive diffusion information we hope to elicit. These can certainly impact the validity of tractography attempts and must be considered. Fortunately, exciting new MRI sequences are becoming available for clinical use and include a segmented readout of echo trains for diffusion imaging, which reduces echo times, reduces echo planar image distortions, and greatly improves image quality (e.g., RESOLVE [readout segmentation of long variable echo trains], Siemens Medical Solutions USA). Reduced field-of-view techniques (e.g., FOCUS, GE; ZOOMit, Siemens Medical Solutions USA) have been developed that allow selective excitation, allowing a sought-after smaller field of view and avoiding aliasing, or wrap. These techniques hold great promise to broaden the traditional landscape of DTI applications.
Even if the acquired imaging data are as pristine as possible, other limitations with DTI neurography exist and should always be considered. For instance, reversible edema within a nerve may reduce FA enough to halt tractography algorithms through the troubled region. This may not implicate definitive axonal transection, but simply highlights the nature of the technique, which is based on diffusion. A swollen edematous nerve implies potentially more diffusion in general, less regimented pathways for diffusion, more avenues for water molecules to wander, and lower FA. The same is true of, and often encountered in, DTI in the brain. Regardless, halted/truncated fiber bundles during tractography of high-quality data may implicate, localize, and/or confirm a segment of suspected nerve abnormality, despite the fact that the ultimate etiology may be initially nonspecific.
Hemorrhage and surgical clips might also impose magnetic field perturbations that can obscure and alter the apparent diffusion profile near a nerve. These should be kept in mind as alternatives for missing or truncated fibers during tractography attempts.
A good method to adopt is identification of a healthy nerve of similar size in the same imaging volume, which can serve as an internal control for tractography. This may vet the integrity data set and help tune tractography settings before conclusions are drawn.
The future will probably bring forward commercialized methods for rigorous preprocessing of DTI raw data (motion and eddy current corrections, echo planar image distortions, and image registration), quality assurance information, more sophisticated modules for tractography and quantitation of FA, diffusivity, and other metrics.
Diffusion tensor imaging and DT tractography are perfectly poised to introduce a novel, functional dimension of information to conventional MRI sequences and ultrasound in the work-up and follow-up of nerve injuries. We must remember, however, that DTI and tractography are ultimately based on mathematical models and assumptions, and require substantial user input, time, and, above all, high-integrity source imaging data. Careful scrutiny of the source data and consistency of imaging approaches over time will be vital to accurate interpretation and follow-up.
references

